We have shown that maternal manganese (Mn) exposure caused sustained disruption of hippocampal neurogenesis of mouse offspring. To clarify the effects of maternal Mn exposure on epigenetic gene regulation contributing to the sustained disruption of hippocampal neurogenesis, we treated pregnant ICR mice with MnCl 2 in diet from gestational day 10 through day 21 after delivery on weaning and searched epigenetically downregulated genes by global promoter methylation analysis in the hippocampal dentate gyrus of male offspring on postnatal day (PND) 21 and PND 77. By CpG promoter microarray analysis on PND 21 following 800 ppm Mn exposure, sustained promoter hypermethylation and transcript downregulation through PND 77 were confirmed with Mid1, Atp1a3 and Nr2f1, whereas Pvalb showed a transient hypermethylation only on weaning. The numbers of Pvalb + and ATP1a3 + neurons suggestive of γ-aminobutyric acid (GABA)ergic interneurons, Mid1 + cells suggestive of late-stage granule cell lineage and GABAergic interneurons and COUP-TF1 + cells suggestive of early-stage granule cell lineage, were all reduced on PND 21, and reductions were sustained on PND 77 except for no change in Pvalb + cells. Mid1 + cells showed asymmetric distribution with right-side predominance, and Mn exposure abolished it by promoter hypermethylation of the right side. These findings indicate epigenetic mechanisms as mediators, through which Mn exposure modulates neurogenesis involving both granule cell lineage and GABAergic interneurons with long-lasting and stable repercussions. Disruption of asymmetric cellular distribution of Mid1 suggests higher brain functions specialized in the left or right side of the brain http://toxsci.oxfordjournals.org/ Downloaded from -4-were affected.
INTRODUCTION
The dentate gyrus in the hippocampal formation of the mammalian brain is a unique structure that can continue neurogenesis during postnatal life (Zhao et al., 2008) and forms crucial neuronal networks responsible for cognitive, emotional and memory function (Montaron et al., 2004) . Postnatal neurogenesis (i.e., "adult neurogenesis") occurs in the neuroblast-producing subgranular zone (SGZ) from type-1 stem cells and produces intermediate generations that undergo final mitosis to differentiate into immature granule cells, and then into mature granule cells (Hodge et al., 2008) . In the hilus of the dentate gyrus, γ-aminobutyric acid (GABA)ergic interneurons produce reelin in the embryonic period and throughout adult life to regulate the migration and maturation of newborn granule cells in the granule cell layer (GCL) (Lussier et al., 2009) . There are several subpopulations in GABAergic interneurons (Houser, 2007) , and disruption of neurogenesis can affect interneuron subpopulations (Shiraki et al., 2012) . Manganese (Mn), a trace essential element, is important for protein and energy metabolism, bone mineralization, metabolic regulation, and cellular protection from reactive oxygen species (Aschner et al., 2009) . Excess Mn exposure causes serious neurotoxicity, such as manganism, which shares multiple features with Parkinson's disease (Dobson et al., 2004) . We have recently found that maternal developmental Mn exposure in mice affects neurogenesis targeting immature granule cells in the SGZ of the dentate gyrus even at the adult stage, accompanied with a sustained increase in the immature population of reelin-synthesizing GABAergic interneurons (Wang et al., 2012) . These
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Recent studies indicate that various epigenetic mechanisms, including DNA methylation, are involved in regulating different aspects of adult mammalian neurogenesis (Sun et al., 2011) , and environmental factors can influence this regulation (Covic et al., 2010) . The understanding of DNA methylation as a long-lasting cellular memory necessary to maintain a cellular phenotype has recently been challenged by discoveries of its dynamic nature (Covic et al., 2010) . In general, DNA methylation is related inversely to gene expression (Laird and Jaenisch, 1994) . This relationship is particularly commonplace in CpG islands (CGIs) at promoter regions, where DNA methylation may directly interfere with transcription factor binding to DNA and/or indirectly suppress transcription through methylated DNA binding proteins that recruit histone deacetylases, leading to chromatin condensation and subsequent gene silencing (Jones et al., 1998) . Although the results of epigenetic changes on neurogenesis have remained unexplored, environmentally induced disruption of DNA methylation clearly deserves further study (Ceccatelli et al., 2013) given the clear importance of DNA methylation to processes of neuronal development.
In the present study, we investigated the potential effects of maternal Mn exposure on heritable change in the cellular regulation on hippocampal neurogenesis in the dentate gyrus of offspring mice. For this purpose, we searched epigenetically downregulated genes by global promoter methylation analysis and examined the reversibility of methylation status and transcript levels and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 -8-PND 4, the 10 dams that delivered more than 10 male offspring per group were selected to cull litters randomly, leaving 10 male offspring. The remaining dams and offspring were sacrificed under CO 2 /O 2 anesthesia. On PND 21, all dams and 40 male offspring per group (four males per dam) were subjected to prepubertal necropsies. The remaining males were kept until PND 77 and subjected to adult-stage necropsy. Brains from 10 male offspring per group (two males per dam) were pooled as two cases/sample (n=5/group) and then subjected to DNA analysis. Brains from five male offspring per group (one male per dam) were subjected to RNA analysis.
In experiment 2, 15 dams per group were treated with 0, 32, 160 or 800 ppm of Mn in diet.
On PND 4, the 10 dams that delivered more than eight male offspring per group were selected to cull litters randomly, leaving eight male and two female offspring. On PND 21, 10 dams and 30 male and 20 female offspring per group were subjected to prepubertal necropsy. The remaining male offspring were maintained until PND 77 and subjected to adult-stage necropsy. For immunohistochemical analysis, brains were collected from 10 male offspring per group (one male per dam) at necropsy on PND 21 and PND 77.
In both experiments 1 and 2, the remaining brains from dams and other offspring were used for other experimental purposes.
All procedures of this study were conducted in compliance with the "Guidelines for Proper 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 -9-Technology.
Tissue preparation for sampling
For DNA and RNA analysis, offspring brains in experiment 1 were removed under CO 2 /O 2 anesthesia on PND 21 and PND 77, fixed with methacarn solution for 8 h, and then dehydrated by ice-cold absolute ethanol overnight at 4°C (Wang et al., 2012) . A coronal brain slice at a position between -2.2 and -2.8 mm from the bregma was prepared. Portions of the hippocampal dentate gyrus were collected using a biopsy punch (Ф1.0 mm, Kai Industries Co., Ltd., Seki, Japan) and stored in ethanol at -80°C until extraction.
For immunohistochemistry, offspring brains in experiment 2 were removed after perfusion fixation using 4% paraformaldehyde phosphate buffer solution (pH 7.4) via the vascular system through the heart under CO 2 /O 2 anesthesia. Coronal slices embedded in paraffin at -2.2 mm from the bregma were prepared for immunohistochemical staining.
CpG methylation microarray analysis
Genomic DNA (gDNA) was extracted from dentate gyrus tissue with a DNeasy Tissue and Blood Kit (Qiagen, Hilden, Germany).
For the CpG methylation microarray assay, gDNA (n=5/group) from PND 21 samples in experiment 1 was digested to cut with Mse I (New England Biolabs Japan Inc., Tokyo, Japan) and
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Methylation-specific quantitative PCR
By microarray analysis, seven genes, i.e., Pvalb, Actl6b, Hoxc8, Mid1, Atp1a3, Cggbp1 and Nr2f1, were selected as those showing hypermethylation (≥1.5-fold) in CGIs located at the promoter region up to 300 bp upstream from the transcription start site of the gene sequence in the hippocampal dentate gyrus of the 800 ppm Mn-exposed offspring compared with the untreated control offspring. Toxicological Sciences   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Methylation-specific quantitative PCR was performed using a Methyl Kit (Diagenode Inc., Sparta, NJ, USA). The isolated gDNA (n=5/group) extracted from PND 21 and PND 77 samples in experiment 1 was sonicated using a Bioruptor™ (UCD-250; Cosmo Bio Co., Ltd, Tokyo, Japan), mixed with the IP incubation buffer, and then heat denatured. Twenty percent of the mixture was stored as input DNA at -20°C until use. The remaining mixture was incubated with mouse monoclonal anti-5-methyl cytidine antibody and pre-blocked protein A/G beads at 4°C overnight for IP of methylated DNA (IP DNA).
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Input and IP DNA samples were purified using a QIAquick PCR Purification Kit and then used as templates of quantitative measurement of methylated target CGI by real-time PCR using Power SYBR ® Green PCR Master Mix (Applied Biosystems Japan Ltd., Tokyo, Japan) and the Applied Biosystems StepOnePlus TM Real-Time PCR System (Applied Biosystems Japan Ltd.). The PCR primers for the target gene CGI (Table 1) 
Pyrosequencing
Quantification of percent methylation was performed for four genes, i.e., Pvalb, Mid1, Atp1a3 and Nr2f1, by bisulfite-converted DNA using a PyroMark Q24 pyrosequencing system (Qiagen). The isolated gDNA (n=4/group) extracted from PND 21 samples in experiment 1 was Table 2 .
Real-time RT-PCR
Real-time RT-PCR quantification of mRNA levels for seven selected genes for methylation-specific quantitative PCR was performed on the RNA samples (n=5/group) isolated from dentate gyrus tissue on PND 21 and PND 77 in experiment 1. Total RNA was extracted with an RNeasy Mini Kit (Qiagen) and first strand cDNA was synthesized from 2 µg of total RNA using 
Immunohistochemistry and immunofluorescence
To evaluate immunohistochemical distribution, four proteins, i.e., parvalbumin (Pvalb), midline 1 (Mid1), ATPase, Na + /K + transporting, alpha 3 polypeptide (ATP1a3) and nuclear receptor subfamily 2, group F, member 1 (Nr2f1, also known as COUP-TF1), were selected after confirming hypermethylation and transcript downregulation. Immunohistochemistry was performed using brain tissue sections in experiment 2 at 3 µm by incubation overnight at 4°C with antibodies listed in Table 4 .
To quench endogenous peroxidase, slides were incubated in 0.3% (v/v) hydrogen peroxide in absolute methanol for 30 min. Immunodetection was performed using a Vectastain ® Elite ABC kit (Vector Laboratories Inc., Burlingame, CA, USA) with 3,3'-diaminobenzidine/hydrogen peroxide as the chromogen. The sections were then counterstained with hematoxylin and coverslipped for microscopic examination.
For immunofluorescent double staining of Mid1 and SOX2, Alexa Fluor 488-labeled goat anti-rabbit IgG (H+L) (Invitrogen) at a 100× dilution was used to visualize Mid1, and Alexa Fluor 594-labeled goat anti-mouse IgG (H+L) (Invitrogen) at a 100× dilution was used to visualize SOX2 (Table 4 ). For immunofluorescent double staining of COUP-TF1-SOX2, FITC-labeled anti-mouse IgG 2a (clone R19-15; BD Biosciences, San Jose, CA, USA) at a 100× dilution was used to visualize COUP-TF1, and PE-labeled rat anti-mouse IgG 1 (clone A85-1; BD Biosciences) at a 100× dilution
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Morphometry of immunolocalized cells
Pvalb + , ATP1a3 + and Mid1 + cells distributed in the hilus of the dentate gyrus were bilaterally counted and normalized for the number per unit area of the hilar area (polymorphic layer). In the SGZ or GCL of the dentate gyrus, Mid1 + and COUP-TF1 + cells were bilaterally counted and normalized to the length of the GCL measured as previously described (Wang et al., 2012) . For quantitative measurement of each immunoreactive cellular component, digital photomicrographs at 200-or 400-fold magnification were taken using a BX51 microscope (Olympus Optical Co., Ltd., Tokyo, Japan) attached to a DP70 Digital Camera System (Olympus Optical Co., Ltd.), and quantitative measurements were performed using the WinROOF image analysis software package (version 5.7, Mitani Corp., Fukui, Japan).
Statistical analysis
Numerical data of multiple groups for comparison, such as the number of immunoreactive cells, were analyzed using Dunnett's test to compare between the control and each treatment group. If a significant difference in variance was observed, Steel's test was used. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Numerical data of two groups for comparison, such as the levels of methylation and gene expression, were assessed using the F-test for homogeneity of variance, and Student's t-test was applied when the variance was homogeneous between the groups using a test for equal variance. If a significant difference in variance was observed, Aspin-Welch's t-test was performed.
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All analyses were performed using the Excel Statistics 2008 software package (Social Survey Research Information Co. Ltd., Tokyo, Japan).
RESULTS

CGI Methylation Microarray Analysis
Twenty-four CGI probes located at the promoter region up to 300-bp upstream from the transcription start site of the gene sequence were found to show ≥1.5-fold increase in methylation signals in the 800 ppm Mn-exposed offspring among the CGI probes showing either decreased or unchanged relative methylation ratios in the untreated control offspring ( Fig. 1 ). Genes downstream of the hypermethylated CGI probes are listed in Table 5 .
Validation Analysis of Hypermethylation
By methylation-specific quantitative PCR, Pvalb displayed significant increases in CGI methylation level in the 800 ppm Mn-exposed offspring only on PND 21; however, methylation mostly disappeared in both untreated control and Mn-exposed offspring on PND 77 ( Fig. 2A) . Mid1,
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and Cggbp1 on PND 21; however, methylation mostly disappeared in both untreated control and Mn-exposed offspring on PND 77. Actl6b displayed no changes in methylation on PND 21, and methylation had mostly disappeared in both untreated control and Mn-exposed offspring on PND 77.
mRNA Expression Changes
By real-time RT-PCR, Pvalb, Mid1, Atp1a3 and Nr2f1 mRNA levels were decreased in 800
ppm Mn-exposed offspring on PND 21 and PND 77 after normalization with either Hprt or Gapdh, despite a statistically non-significant change in Pvalb on PND 77 ( Fig. 2B ). In contrast, Actl6b mRNA levels were unchanged with Mn exposure at both time points with either expression normalization.
Hoxc8 mRNA levels were decreased only on PND 21 with Mn exposure after normalization with either Hprt or Gapdh level. Cggbp1 mRNA levels were increased after normalization with either Hprt or Gapdh level on PND 21; however, mRNA levels were decreased after Gapdh normalization on PND 77 in Mn-exposed offspring.
DNA Methylation Status
Pyrosequencing was performed to quantitate the methylation status of the CGI fragments of Pvalb, Mid1, Atp1a3 and Nr2f1 located within the nucleotide sequence of 317-380, 171-220, 104-131 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and 221-254, respectively, from the adenine of the initiation codon ( Fig. 3) . In all genes examined, all cytosine bases numbered as #1-#5 or #1-#4 within the CpG sites carried greater levels of methylation on PND 21 following 800 ppm Mn exposure compared with the untreated control offspring except for an unchanged methylation status at #1 and #2 of Atp1a3 and #1 of Nr2f1 (Fig. 3) .
Immunohistochemical Cellular Distribution
In the untreated control offspring, Pvalb immunoreactivity was sparsely observed within the cytoplasm of neurons distributed within the hilus or GCL in the dentate gyrus on PND 21, whereas the Pvalb + cell population was decreased on PND 77 (Fig. 4A, B ). Mn exposure at 800 ppm significantly decreased the numbers of Pvalb + cells on PND 21 compared with the untreated control offspring, whereas on PND 77, the change disappeared.
With regard to Mid1, both cytoplasmic and nuclear immunoreactivities were observed in the granule cell progenitor population including the SGZ as well as in the hilar neurons of the untreated control offspring on PND 21. The number of Mid1 + cells increased within the GCL and decreased within the hilus on PND 77 ( Fig. 5A, B ). Both the numbers of Mid1 + granule cell progenitors and Mid1 + hilar neurons were greater on the right side compared with the left side of the untreated control offspring on PND 21 and PND 77, and the magnitude of difference was greater on PND 21 than PND 77. Mn exposure at 800 ppm decreased the number of Mid1 + cells bilaterally within the GCL and hilus and no difference between the left and right sides on PND 21 and PND 77 was observed. The sum of
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Toxicological Sciences   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the bilateral Mid1 + cells at both the GCL and hilus was significantly lower in the 800 ppm Mn-exposed group than in the untreated controls. Mn exposure at lower doses did not change the number of Mid1 + cells showing right-side dominance both within the GCL and hilus compared with the untreated control offspring. Immunofluorescent double staining of Mid1 and SOX2 showed that Mid1 + cells located within the GCL were different from SOX2 + progenitors (Fig. 5C ).
ATP1a3-immunoreactivity was observed at the cell surface of interneurons sparsely distributed within the hilus or GCL on PND 21 in the untreated control offspring, whereas the number of ATP1a3 + cells decreased on PND 77 ( Fig. 6A, B ). Mn exposure at 800 ppm significantly decreased the numbers of ATP1a3 + cells compared with the untreated controls on PND 21 and PND 77, despite the latter change being statistically non-significant.
As for COUP-TF1, nuclear immunoreactivity was observed within the progenitor cell population limited at the SGZ in the untreated control offspring on PND 21, and these COUP-TF1 + populations were broadly distributed but decreased in number within the GCL including the SGZ on PND 77 ( Fig. 7A, B ). Mn exposure at 800 ppm significantly decreased the numbers of COUP-TF1 + cells in the GCL on PND 21 and PND 77. Moreover, in the immunofluorescent double staining of COUP-TF1 and SOX2, some of the COUP-TF1 + cells were also SOX2 + (Fig. 7C ).
Confirmation of Asymmetric Methylation Level of Mid1 Gene
In the untreated control offspring, the Mid1 methylation level was lower on the right side Fig. 5A, B) . In contrast, 800 ppm Mn-exposed offspring showed greater methylation on the right side compared with the left side on PND 21 and PND 77.
DISCUSSION
In our previous study, we found a sustained increase in immature reelin-synthesizing GABAergic interneurons in the hippocampal dentate hilus following 800 ppm Mn exposure through the adult stage, and we considered that this increase may be a signature of continued aberration in neurogenesis and subsequent neuronal migration, causing the overproduction of immature granule cells at the adult stage (Wang et al., 2012) . In the present global DNA methylation microarray profiling, CGI hypermethylation was found with 24 genes at the promoter region following 800 ppm Mn exposure. We further confirmed CGI hypermethylation and transcript downregulation of Pvalb, Mid1, Atp1a3 and Nr2f1 after 800 ppm Mn exposure through the adult stage except for transient hypermethylation with Pvalb only upon weaning. These results suggest that developmental Mn exposure alters epigenetic gene regulation to affect gene expression programming of cellular populations related to neurogenesis to cause continued disruption of the differentiation process in hippocampal neurogenesis.
Immunohistochemically, we found a transient reduction of Pvalb + cells and a sustained reduction of ATP1a3 + cells in the dentate hilus involving CGI hypermethylation after Mn exposure in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 by guest on November 4, 2016 the present study. Evidence suggests that Pvalb + cells, a subpopulation of GABAergic interneurons, play a central role in the inhibition of granule cell activity (Gulyás et al., 2006) . Regarding ATP1a3, an ion pump component that maintains sodium and potassium gradients across the plasma membrane, a subpopulation of GABAergic interneurons were found to express this protein in the hippocampus (Bøttger et al., 2011) . These findings suggest epigenetic modification of Pvalb and Atp1a3 gene regulation after developmental Mn exposure in subpopulations of GABAergic interneurons in mice.
Because GABAergic interneurons provide direct neural inputs to type-2 progenitor cells in the SGZ to promote neural differentiation (Tozuka et al., 2005) , reduction of Pvalb + cells or ATP1a3 + cells may inhibit neuronal differentiation after Mn exposure. Although a direct relationship is unclear, we have previously observed an initial reduction and subsequent increase in the number of immature granule cells after developmental Mn exposure. Gradual loss of Pvalb + interneurons has shown to be related to a loss of cognitive functional capacities of the brain in mice (Dugan et al., 2009) . Hence, reduction of Pvalb + interneurons after Mn exposure observed here may be related to cognitive decline. In contrast, Atp1a3 heterozygous mice have been shown to be vulnerable to develop increased depression-like endophenotypes compared with wild-type littermates (Kirshenbaum et al., 2011) . Therefore, reduction of ATP1a3 + interneurons by Mn exposure may influence depression-related brain functions.
In the present study, hypermethylation of Pvalb by Mn exposure discontinued at the adult stage, whereas hypermethylation of Atp1a3 continued through the adult stage. We also observed a statistically non-significant reduction of ATP1a3 + interneurons by Mn exposure on PND 77. In 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 contrast, the number of Pvalb + interneurons was unchanged by Mn exposure on PND 77. There are two possibilities regarding the difference in epigenetic modifications by Mn exposure between the two genes. One possibility is that there is a difference in the survivability between the et al., 2008) . Although the involvement of epigenetic gene regulation was not investigated, the study result suggests different survivability between interneuron subpopulations during the disease process.
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Another possibility is a difference in the epigenetic methylation regulation involving demethylase activity between the two interneuron subpopulations by Mn exposure. Accumulating evidence has shown that active demethylation of CpG dinucleotides is a direct consequence of neuronal activity and cellular signaling in postmitotic neurons (Miller and Sweatt, 2007) . Mn exposure may differentially modify epigenetically the cellular activity or signaling among interneuron subpopulations.
In the present study, Mid1 + cells are sparsely distributed in both the GCL including the SGZ and the dentate hilus on PND 21, suggestive of Mid1 expression in the granule cell lineage and interneurons. On PND 77, the number of Mid1 + cells increased in the GCL but decreased in the hilus compared with that on PND 21. By immunofluorescent double staining, we observed no Mid1 + cells co-expressing SOX2. Because SOX2 is expressed in type-1 neural stem cells and type-2a and 2b
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Toxicological Sciences   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 progenitor cells in the SGZ (Steiner et al., 2006) , Mid1 + cells were regarded to be late-stage progenitors or postmitotic granule cells. Mid1, which encodes a ubiquitin ligase (Trockenbacher et al., 2001) , affects brain development by regulating expression of Gli3 (Krauss et al., 2008) , a Wnt target gene related to hippocampal development (Hasenpusch-Theil et al., 2012) . Loss of Mid1 function by mutation is related to X-linked Opitz G/BBB syndrome and characterized by defective midline development (Quaderi et al., 1997) . Therefore, hypermethylation and subsequent Mid1 downregulation may be responsible for Mn-induced disruption of neurogenesis.
Interestingly, Mid1 has been shown to express on the right side of Hensen's node of chick embryos and plays a key role in gene cascade downregulation during the early stages of left-right determination through sonic hedgehog (Shh) pathway inhibition (Granata and Quaderi, 2003) . In the present study, we found a right-side predominant distribution of Mid1 + cells in the dentate gyrus in the untreated control offspring; however, this asymmetry disappeared following 800 ppm Mn exposure sustaining to the adult stage. We also found cancellation of promoter hypermethylation of Mid1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 disappearance of asymmetric Mid1 distribution may cause disruption of higher brain functions specialized in the left or right side of the brain. It is known that an imbalance in specific asymmetries characterizes some brain disorders, such as schizophrenia, depression, infantile autism or Alzheimer's disease (Ramírez et al., 2004) . It is possible that Mn exposure induces Mid1 hypermethylation in neuronal stem cells that could be heritable in the SGZ, causing a permanent reduction in Mid1 + late-stage progenitors or postmitotic granule cells.
COUP-TF1, one of the most characterized orphan receptors of the steroid/thyroid hormone receptor superfamily, is an important regulatory component of neurogenesis and neuronal differentiation during development (Park et al., 2003) . COUP-TF1 is expressed in both neuronal progenitors and neurons (O'Leary et al., 2007) . In the present study, COUP-TF1 + cells are mostly distributed in the SGZ on PND 21, and a subpopulation of COUP-TF1 + cells co-expressed SOX2, suggestive of early-stage granule cell progenitors. Reduction in the number of COUP-TF1 + cells on PND 77 compared with that on PND 21 may reflect lowered activity of neurogenesis at the adult stage.
Consistent with a decreased number of COUP-TF1 + cells, 800 ppm Mn exposure resulted in hypermethylation in the Nr2f1 promoter region on PND 21 and PND 77 in the dentate gyrus. This result suggests a long-lasting effect on epigenetic gene control of Nr2f1 involving stem cells by Mn exposure that causes disruption of neurogenesis and subsequent neuronal differentiation because epigenetic gene changes can be inherited to daughter cells.
In conclusion, we have found that maternal Mn exposure induced CGI hypermethylation of
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Page 34 of 45 Toxicological Sciences
Page 39 of 45 Toxicological Sciences   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Changes in promoter methylation and mRNA expression of Pvalb, Actl6b, Hoxc8, Mid1, Atp1a3, Cggbp1 and Nr2f1 in the hippocampal dentate gyrus on PND 21 and PND 77. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
